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Motivation:
1/10

Satellites constantly observe 
thin, isolated, extensive layer of cirrus (laminar cirrus) 
around the tropopause. 
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(km-1 sr-1)532 nm Total Attenuated Backscatter (km-1 sr-1), 2009-01-12T01-28-43ZN

Length: ~1260 km
Thickness: 0.4-1.2 km

tropopause

Objective: 
How often does laminar cirrus exist?
How much of ice amount does laminar cirrus carry?
What is the contribution of laminar cirrus to the total water budget?



Data & Method
1. Selection of laminar cirrus from CALIOP L1 backscatter (β´532p ) images

CALIOP β´532p à IWC
2. Compare laminar IWC with MLS H2O
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Data & Method
1. Selection of laminar cirrus from CALIOP L1 backscatter (β´532p ) images

CALIOP β´532p à IWC
2. Compare laminar IWC with MLS H2O

Manual selection of laminar cirrus: 2009 January2009-01-12T01-28-43ZN
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c) MLS H2O
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d) CloudSat/CALIPSO Cloud Types

Cu Sc St
Ac As Ns
Ci DC
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c) MLS H2O
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d) CloudSat/CALIPSO Cloud Types
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Features of most laminar cirrus in 2009 January

1. Length: 60 ~ 1800 km
2. Thickness: 0.2 ~ 1.7 km
3. Cloud top: 14.5 ~ 18.5 km
4. Distance from tropopause: -2 (below) ~ 1.5 (above) km
3. Optical depth: <0.03
4. Partial ice water path: <0.3 g/m2

Digitize cloud edges [left, right, bottom, top]
Manual-method:
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The manual selection provides reliable characterization of the structural properties of laminar cirrus.
Statistical results show that the laminar cirrus has an average horizontal extent of ~560 km, ranging from
the least extensive case of 60 km to the most extensive one stretching ~3,000 km. On a profile‐by‐profile
basis, the laminar cirrus layers have base between 12 and 18 km (Figure 3a), geometric thickness between
0.2 and 2.5 km (Figure 3b), τ < 0.3 (the threshold for thin cirrus, Figure 3c), and pIWP of 0.001–1 g/m2

(Figure 3d). More frequently, the base of laminar cirrus is between 15 and 17 km (below the tropopause
height of ~17 ± 0.6 km, gray shading in Figure 3a), and the geometric thickness is between 0.5 and 1 km
—consistent with the pioneer study from the Lidar In‐space Technology Experiment (Winker & Trepte,
1998). About 80% of laminar cirrus has cloud top below the tropopause and cloud τ < 0.03 (subvisible,
Sassen et al., 1989). According to the IWP and τ relations for particle size in homogeneous formation (e.g.,
Wang et al., 2011), the effective radius of these layered cirrus is less than 6 μm, which favors self‐
maintenance of hours to days (e.g., Dinh et al., 2010). The cumulative distribution function (right y axis)
shows that almost all laminar cirrus clouds have (1) base≥ 14 km, (2) thickness≤ 2 km, (3) τ≤ 0.3 (threshold
for thin cirrus), and (4) layer pIWP ≤ 1 g/m2. Those criteria will be used in our autoselection of laminar
cirrus described in the next section.

2.2. Autoselection Method

Because the manual selection is too laborconsuming to be applied for the entire CALIOP records, it is
imperative to develop a fast, algorithm‐based method that can be used on the CALIPSO L2 merged (cloud
+ aerosol) layer product (MLay), which separates the TTL clouds from aerosol layers ideally (Liu et al.,
2019; Vaughan et al., 2009). In this method we target those cirrus layers reported by the bit‐based vertical
feature mask (Vaughan et al., 2005). The 5‐km product is preferred for cirrus research because of its higher
signal‐to‐noise ratio in detecting thin ice clouds (Marchant et al., 2016).

The laminar properties from manual‐selection provide key guidance for the algorithm‐based autoselection
of laminar cirrus. Besides the four criteria (i.e., base ≥ 14 km, thickness ≤ 2 km, τ ≤ 0.3, layer pIWP ≤
1 g/m2) mentioned in section 2.1, the autoselection algorithm requires thin cirrus layers to be at least 500
km away from any deep convective (opaque) layers—if there is any, at the same altitude level, so as to
exclude cirrus formed directly from convective outflow. This requirement eliminates about 35% of total thin
cirrus in the L2 MLay data. In other words, approximately one third of thin cirrus are probably associated
with anvil outflows from deep convective systems. However, note that the CALIOP meridional curtain
cannot eliminate the cases where deep convective towers are nearby but outside the satellite track.
Another requirement is that the 5‐km profiles indicating existence of laminar cirrus to be continued for at
least 60 km along track (the lower threshold from L1 statistics), in an aim for picking relatively long, exten-
sive layer of cirrus.

For each autoselected laminar cirrus, we record the same properties including layer base and top, layer τ,
and pIWP on profile‐by‐profile basis directly provided by the L2MLay product. Figure 3 shows that statistics
from the autoselection (blue) method agrees reasonably well with that from the manual‐selection (red)

Figure 2. (a) Comparison of laminar cirrus (solid) and total cirrus (dashed) profiles; the probability density function (PDF) of (b) laminar cirrus thickness and
(c) total cirrus thickness in function of height.
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d) CloudSat/CALIPSO Cloud Types
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Build a long record of laminar cirrus for 10 years 2008-2017

Auto-method:
From CALIOP L2 merged layer product: 
• Known cirrus identified, including thickness, top, IWC, etc.
• Further auto-constrained by laminar cirrus features
• Easy to build a long-term records
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Build a long record of laminar cirrus for 10 years 2008-2017

Auto-method:
From CALIOP L2 merged layer product: 
• Known cirrus identified, including thickness, top, IWC, etc.
• Further auto-constrained by laminar cirrus features
• Easy to build a long-term records
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We could build a 10-year record in ~3 weeks on a regular server of 12-core i7 
Caveat:

Strongly depends on the cirrus type identified in L2 product
Due to vertical averaging, some close layers might be considered one single layer



Annual cycle of laminar cirrus fraction: comparing to H2O, tropoT, and BDC

Tropical 15o N-S average 

More laminar cirrus during boreal wintertime, because: 
colder tropopause

à more frequent super(saturation) 
à more frequent dehydration that favors in situ formation of laminar cirrus
à less H2O

5/10
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ΔCFlaminar cirrus = a ΔT + b QBO + c BDC + ε

Interannual variability of laminar cirrus

Figure 7. Components of the multivariant least square regression of laminar cirrus occurrence frequencies (CF) observed
by the CALIOP. (a–c) Components of CF anomaly (dark gray lines, %) due to each individual regressors (color shading):
(a) ΔT at 500 hPa, (b) quasi‐biennial oscillation (QBO), and (c) upwelling Brewer‐Dobson circulation (BDC); (d)
regressed CF (red) compared to observed CF (black); (e) cold‐point temperature (CPT) anomaly (orange) and 100‐hPa
H2O anomaly (blue); (f) the residual. The CTP and H2O anomalies in panel (e) are to demonstrate the overall regulation
of temperatures to H2O and to cirrus ice.

Figure 6. Seasonal variations of the 100‐hPa totally cloudy (black), total cirrus (green), and laminar cirrus (light blue), comparing to the tropopause temperature
(red), the Microwave Lime Sounder 100‐hPa H2O (deep blue), and the MERRA2 100‐hPa total diabatic heating rates (purple, representing the strength of
upwelling). Laminar cirrus is from autoselectionmethod, and all data are for the tropical 20°N–°S average. There are no CALIPSO data on February 2016. MERRA2
= Modern‐Era Retrospective analysis for Research and Applications, Version 2
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To quantify laminar cirrus IWC relation to H2O    @100 hPa

by 200–600 m (Figure 11c, white contours), laminar cirrus ice anomaly shows a positive response to H2O
anomaly, due to relatively abundant supply of H2O from the below air. This also implies that finer vertical
resolution resolving vertical gradients of H2O around the tropopause is necessary for precise study of cirrus'
effect on the dehydration/hydration of air in the TTL.

4. Discussion

Given the frequently higher relative humidity with respect to ice at the tropopause (Figures 9b, 10a, and
11a), we expect laminar cirrus to sustain long in the TTL (Dinh et al., 2010; Garrett et al., 2004; Taylor
et al., 2011; Winker & Trepte, 1998). During this long lifetime, cloud‐induced radiative heating is able to

Figure 11. (a) Correlation coefficients between IWC anomaly (ΔIWC) and H2O anomaly (ΔH2O) for laminar cirrus at
100 hPa for 2008–2017, with RHi (super)saturation contoured in black lines; (b) linear regression slope for anomalous
IWC in response to anomalous H2O with relation ΔIWC = a·ΔH2O + b at 100 hPa, overlaid with CERES average OLR <
230 W/m2 in red contours indicating regions of the most frequent deep convection; (c) cold‐point tropopause mean
pressure (color shading) for 2008–2017, with differences of 100‐hPa height to the cold‐point tropopause height contoured
(0.2‐km interval, negative in white and positive in black). In panels (a) and (b) the ΔH2O and ΔIWC are calculated by
removing the annual cycle of each during 2008–2017, and the black dots indicate the relation significantly greater than
95% confidence level. IWC= ice water content; CERES = Clouds and the Earth's Radiant Energy System; OLR= outgoing
longwave radiation.

10.1029/2018JD029845Journal of Geophysical Research: Atmospheres
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Slope “a” for regression ΔIWC = a•ΔH2O + b

In laminar-rich region,     1     ppmv loss in H2O
corresponds to 0.2-0.3 ppmv gain in laminar IWC
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laminar cirrus could act as an important transient water storage and contribute 
to the total water budget in the lower stratosphere. 
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further maintain the cloud itself (Lilly, 1988; Dinh et al., 2010). Under this scenario we speculate that
laminar cirrus effectively interchanges mass with H2O and travel together with H2O over multiple‐phase‐
change lifecycles to eventually affect the total H2O budget at upper levels. This indicates that laminar
cirrus could exist as one of the important reservoirs for water storage.

Figure 12 supports the hypothesis that laminar cirrus at the 100 hPa can contribute significantly to the lower
stratosphere total H2O. Figure 12a shows the climatology of H2O tape recorder—an upward advection of
successive minima and maxima in H2O retained from the tropopause (Mote et al., 1996). Specifically, during
the dry season (December–February) the low H2O imprinted at the 100 hPa (the tropopause) gets enhanced
(wetter) at 68 hPa (top of TTL at ~19 km, Fueglistaler et al., 2009), while during the wet season
(June–August) the high H2O imprinted at the tropopause gets slightly diluted (drier) while traveling upward.
This results in overall smaller magnitude of H2O annual cycle at the 68 hPa (Figure 12b). That said, following
the start of the tape recorder signal imprinted at the tropopause, there is an overall positive/negative vertical

Figure 12. Microwave Lime Sounder (MLS)‐observed tropical (12°N–°S). (a) H2O tape recorder climatology; (b) H2O time series at 100 hPa (H2O100, blue) and 68
hPa (H2O68, orange red); (c) the difference between H2O68 shifted for 78 days and H2O100 (H2O68shift–H2O100); (d) the CALIOP laminar cirrus IWC at 100 hPa
(IWC100). CALIOCloud‐Aerosol Lidar with Orthogonal Polarization; IWC = ice water content.
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further maintain the cloud itself (Lilly, 1988; Dinh et al., 2010). Under this scenario we speculate that
laminar cirrus effectively interchanges mass with H2O and travel together with H2O over multiple‐phase‐
change lifecycles to eventually affect the total H2O budget at upper levels. This indicates that laminar
cirrus could exist as one of the important reservoirs for water storage.

Figure 12 supports the hypothesis that laminar cirrus at the 100 hPa can contribute significantly to the lower
stratosphere total H2O. Figure 12a shows the climatology of H2O tape recorder—an upward advection of
successive minima and maxima in H2O retained from the tropopause (Mote et al., 1996). Specifically, during
the dry season (December–February) the low H2O imprinted at the 100 hPa (the tropopause) gets enhanced
(wetter) at 68 hPa (top of TTL at ~19 km, Fueglistaler et al., 2009), while during the wet season
(June–August) the high H2O imprinted at the tropopause gets slightly diluted (drier) while traveling upward.
This results in overall smaller magnitude of H2O annual cycle at the 68 hPa (Figure 12b). That said, following
the start of the tape recorder signal imprinted at the tropopause, there is an overall positive/negative vertical

Figure 12. Microwave Lime Sounder (MLS)‐observed tropical (12°N–°S). (a) H2O tape recorder climatology; (b) H2O time series at 100 hPa (H2O100, blue) and 68
hPa (H2O68, orange red); (c) the difference between H2O68 shifted for 78 days and H2O100 (H2O68shift–H2O100); (d) the CALIOP laminar cirrus IWC at 100 hPa
(IWC100). CALIOCloud‐Aerosol Lidar with Orthogonal Polarization; IWC = ice water content.

10.1029/2018JD029845Journal of Geophysical Research: Atmospheres
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laminar cirrus could act as an important transient water storage and contribute 
to the total water budget in the lower stratosphere. 
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Concluding Remarks:

• From manual-selection, we obtained basic features of laminar cirrus

• Those features help us to auto-pick & build a 10-year records of           

laminar cirrus cloud-tops, thickness, optical depth, fraction, IWC, etc.

We found:

• Strongly anti-correlated between laminar IWC & H2O: annually and interannually

• Laminar cirrus is more governed by the upwelling branch of BDC

(BDC strongly regulates variability of tropopause temperature)

• In laminar-rich region, 1 ppmv lost in H2O à 0.2-0.3 ppmv gain in laminar IWC

• Laminar cirrus could act as important transient water storage, contribute to 

total water budget

9/10



Ongoing projects: 
rebuild a long-term record of pIWP from MLS 640-GHz Tcir 
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and MLS”, to be submitted to JGR.

pIWP = α Tcir640

Regulated by CALIOP pIWP climatology for every 10o lat band
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Ongoing projects: 
rebuild a long-term record of pIWP from MLS 640-GHz Tcir 
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Figure 7 shows that the regression does a fairly good job in reproducing the variability of laminar cirrus
observed by the CALIOP. The regression is able to explain total 46% of variance for 2008–2017
(Figure 7d). The coefficients for ΔT, QBO, and BDC are 0.54, −0.4, and 0.76, respectively, indicating overall
in‐phase response of cirrus to the ΔT and the BDC, and out‐of‐phase response of cirrus to the QBO
(Figures 7a–7c). Specifically, warming in the upper troposphere (+ΔT) during El Niño years cools the tropo-
pause (e.g., Garfinkel et al., 2013) and favors cirrus formation; similarly, stronger upwelling (+BDC index)
cools the tropopause and enhances formation of cirrus in constantly saturated air (Davis et al., 2013), result-
ing in more depletion of ambient H2O; moreover, descending westerly shear of QBO (+QBO index)—with
westerlies aloft and easterlies below, induces adiabatically warmed perturbation (Plumb & Bell, 1982) that
reduces cirrus formation.

Ultimately, the interannual variability of the tropopause laminar cirrus is complicated by the interrelation-
ships among the three factors. When El Niño–Southern Oscillation's contribution is small, a stronger upwel-
ling (+BDC index) during easterly shear of QBO (–QBO index) produces the most enhanced laminar cirrus
(wintertime 2012–2013), while a weaker upwelling during westerly QBO yields the most reduced laminar
cirrus (springtime 2017). During La Niña years when the colder upper troposphere (and then warmer tropo-
pause) is in phase with the warmly perturbated westerly shear of QBO and the slightly weakened upwelling,
laminar cirrus reduction is the most intense (December 2010 to May 2011).

We also notice that the BDC (Figure 7c shading) largely resembles the observed variability of laminar cirrus
(Figure 7d black curve, r = 0.76), implying that the wave‐driven upwelling anomaly plays a key role in
modulating cirrus variability: a stronger upwelling is always accompanied by colder temperatures, increased
cirrus frequencies, and decreased H2O; and vice versa. This temperature‐H2O‐ice regulation is better shown
when comparing to Figure 7e the anomalies of cold‐point tropopause and H2O (100 hPa). Take the
September–December 2015, for example: the anomalously weaker upwelling induces anomalously warmer
tropopause, causing cirrus reduction when the strongly developing El Niño could have producedmore cirrus
in the tropopause. Figure 8 demonstrates that there is overall decreased cirrus and increased H2O during the
unusual El Niño of 2015–2016. During which, the enhanced center of laminar cirrus accompanies reduced
H2O, migrating from the western to the central Pacific, and it is speculated that this unusual El Niño causes
more overshooting deep convection that moistens the lower stratosphere (Avery et al., 2017).

Overall, the regression residual (Figure 7e) is relatively small during most of the time. One exception is the
year of 2015–2016 when the strong and unusual El Niño accompanies unprecedented disruption of the QBO
(Newman et al., 2016; Osprey et al., 2016) that complicates the performance of the regression. Since 2015,

Figure 8. The anomalous 100‐hPa (a) laminar cirrus and (b) H2O in December 2015, overlaid by total diabatic heating
rates anomaly (line contours, K/day) to highlight the dominant role of Brewer‐Dobson circulation (BDC) to the varia-
tion of clouds.
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September–December 2015, for example: the anomalously weaker upwelling induces anomalously warmer
tropopause, causing cirrus reduction when the strongly developing El Niño could have producedmore cirrus
in the tropopause. Figure 8 demonstrates that there is overall decreased cirrus and increased H2O during the
unusual El Niño of 2015–2016. During which, the enhanced center of laminar cirrus accompanies reduced
H2O, migrating from the western to the central Pacific, and it is speculated that this unusual El Niño causes
more overshooting deep convection that moistens the lower stratosphere (Avery et al., 2017).
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Atmospheric Research reanalysis of 30‐hPa zonal wind (u30) at the equator from National Oceanic and
Atmospheric Administration (https://www.esrl.noaa.gov/psd/data/correlation/qbo.data), with positive/
negative u30 denote westerly/easterly QBO phases. BDC is the Brewer‐Dobson Circulation index derived
from the 100‐hPa MERRA2 diabatic heating anomaly averaged over tropical 20°N–°S, with positive/
negative values suggesting anomalously stronger/weaker upwelling. The last term ε is the residual. There
are physical mechanisms by which QBO and BDC may be correlated, but the correlation is not
statistically significant for this analyzing period (r = –0.37). To maximize the explained variance and also
account for time it takes for regressors to impact the tropopause level clouds, we lag ΔT by 1 month and
lag QBO index by 5 months. There is no lag in BDC index. While regressing, we also standardized all
indices by dividing their own standard deviation. At the tropopause, cirrus frequency and cirrus IWC are
highly correlated (Flury et al., 2012); therefore, the analysis here also applies to laminar cirrus IWC.

Figure 5. Laminar cirrus frequency at 100 hPa based on (a) manual selection and (b) autoselection; (c) total cirrus fre-
quency at 100 hPa; (d) MERRA‐2 total diabatic heating rates (color shading), temperatures (red contours), and wind at
100 hPa comparing to CERES OLR < 220 W/m2 (white contours). All data are from January 2009, with local frequency
with respect to total observations within each grid for this month. MERRA2 = Modern‐Era Retrospective analysis for
Research and Applications, Version 2; CERES = Clouds and the Earth's Radiant Energy System; OLR = outgoing long-
wave radiation.
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human-aided selection of laminar cirrus
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Interannually, the variability of tropical cirrus IWC—similar to that of cirrus frequency, is also anticorre-
lated to the variability of tropical H2O, implying a strong modulation between H2O and ice by the tempera-
tures. This relation is dominated by the regions of most frequent laminar cirrus (comparing Figure 11a to
Figure 5a), where air RHi is frequently higher than 100% (black contours in Figure 11a). To quantify this
interannually varying IWC‐H2O regulation, we perform linear regression of gridded IWC and H2O monthly
anomalies with the relation ΔIWC = a* ΔH2O + b, with enhanced negative slope indicating anomalously
more depletion of H2O into laminar cirrus ice. Shown in Figure 11b, regions of enhanced negative slopes
are exactly the regions of the most frequent laminar cirrus, where 1 ppmv decrease in H2O corresponds to
0.2–0.3 ppmv increase in cirrus IWC.

Our regional relationmap differs from previous studies in that we only examined laminar cirrus occurring in
situ, whereas previous studies focused on total cirrus including the thick ones closely tied to deep convective
anvils. Therefore, in previous studies the regions of anticorrelation largely overlap with convection centers
including the Asian monsoon sector (e.g., Flury et al., 2012). Over the Tibetan Plateau and the south tip of
South America, where the 100‐hPa level is generally below the local tropopause (Figure 11c, color shading)

Figure 9. Joint histograms of laminar cirrus H2O versus IWC (both in ppmv) in function of (a) occurring frequency and (b) relative humidity with respect to ice
(RHi) for January 2009. The results are from manual selection of laminar cirrus.

Figure 10. Evolution of zonal mean (a) laminar cirrus IWC (color shading), H2O (black contours), and RHi (white contours); and (b) total water IWC+H2O (color
shading) and H2O (black contours) at 100 hPa for the period of 2008–2017. In both panels the black contours repeat for H2O in ppmv. In panel (b) the total water
(IWC + H2O) in 3.5 and 4.0 ppmv are highlighted in thick, white contours.
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b) CAL L2 MLay Cloud Types

low overcast, transparent
low overcast, opaque
transition stratocumulus
low, broken cumulus
altocumulus (transparent)
altostratus (opaque)
cirrus (transparent)
deep convective (opaque)
cirrus (laminar)
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c) MLS H2O
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d) CloudSat/CALIPSO Cloud Types
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e) CALIPSO CPro Cloud Types

N/A
low overcast, transparent
low overcast, opaque
transition stratocumulus
low, broken cumulus
altocumulus (transparent)
altostratus (opaque)
cirrus (transparent)
deep convective (opaque)
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